 25  26 
Jahr, 2000; Diamond, 2005) and suggest that glutamate is removed from the extracellular space 69 by EAATs in just a few ms (Diamond, 2005) . This difference between iGluSnFR response and STC 70 waveforms is evident even in studies employing both techniques under apparently similar 71 experimental conditions (Armbruster et al., 2016) . 72 For iGluSnFR signals and STCs to provide quantitative insights into the dynamics of 73 glutamatergic transmission, the kinetic discrepancies between the two signals must be 74 understood. The STC time course reflects a combination of release asynchrony, transporter 75 kinetics, glutamate diffusion and electrotonic distortion by astrocytic membranes (Bergles and 76 Jahr, 1997; Diamond, 2005) . By contrast, the factors determining iGluSnFR response waveforms 77
have not been identified explicitly. Slower iGluSnFR responses do not simply reflect the kinetics 78 of the indicator, as the iGluSnFR dissociation time course is 2-10-fold faster than most response 79 decays. Moreover, iGluSnFR signals are slowed by partial blockade of glutamate transporters 80 (Armbruster et al., 2016; Parsons et al., 2016; Pinky et al., 2018) , indicating that they report 81 changes in uptake capacity and glutamate clearance. Whereas STCs reflect the naturally 82 occurring process of glutamate uptake by endogenous transporters, iGluSnFR expression 83
introduces exogenous binding sites into the extracellular milieu. The extent to which glutamate 84 buffering by iGluSnFR may influence glutamate diffusion is not intuitively obvious. 85 Here, Monte Carlo simulations of glutamate diffusion, uptake and iGluSnFR signaling were 86 performed to explore the mechanisms underlying iGluSnFR signal dynamics. These simulations 87
show that iGluSnFR response time course depends strongly on iGluSnFR expression level. 88
Simulated iGluSnFR responses mimic those reported in the experimental literature only when 89 iGluSnFRs compete with EAATs for glutamate to the extent that iGluSnFR delays glutamate 90 uptake. These predictions were confirmed with electrophysiological recordings from iGluSnFR-91 expressing astrocytes in cortical slices: STCs recorded in iGluSnFR-expressing astrocytes rose 92
and decayed more slowly that those recorded in control astrocytes expressing tdTomato, 93
indicating that iGluSnFR expression slowed the glutamate uptake time course. We conclude 94 that, although iGluSnFR and STCs provide powerful, complementary indications of glutamate 95 release and clearance, care is required in their interpretation. Our simulations suggest that an 96 ideal glutamate indicator would exhibit a large dynamic range (i.e., ΔF/F0) and low expression 97 levels to deliver detectable signals with minimal disruption of glutamate uptake. 98 99 100
Results 101 102
The stochastic behavior of simulated glutamate transporter and iGluSnFR molecules was 103 governed by experimentally derived kinetic models (Figure 1, Supplementary Figure 1 ). 104
Equilibrium kinetics of simulated EAAT2 (Bergles et al., 2002) , iGluSnFR and two iGlu variants 105 (iGluf and iGluu; Helassa et al., 2018) were examined first by constructing Markov models of 106 each and challenging them with 20-ms applications of glutamate at different concentrations 107 (e.g., Figure 1A ). This approach yielded equilibrium dose-response curves ( Figure 1B ) and 108 affinities (KD; Figure 1C , left) that matched closely those reported previously (Bergles et al., 109 2002; Helassa et al., 2018) . iGlu molecules exhibited similar activation kinetics but a range of 110 deactivation (unbinding) kinetics that varied inversely with affinity ( Figure 1C,D) . As the 111 brightness of resting and activated indicator (Foff and Fon, respectively) has been measured 112 (Helassa et al., 2018 ; Supplementary Figure 1B ), iGlu responses also could be expressed in 113 terms of ΔF/F0 (i.e., (Fon-Foff)/Foff; Figure 1E ). 114 115
Stochastic model of glutamate diffusion, uptake and iGluSnFR activation 116
Monte Carlo simulations of glutamate release from a single synapse (Diamond, 2005 ; see 117
Methods) comprised pre-and postsynaptic hemispherical compartments (320-nm diameter; 118 Schikorski and Stevens, 1997; Ventura and Harris, 1999 ) separated by a 20-nm cleft and 119 surrounded by a three-dimensional, isotropic, abstract representation of extracellular space 120 (Rusakov and Kullmann, 1998 ) populated with EAAT and iGluSnFR molecules at specified 121 concentrations ( Figure 1F ). EAATs are expressed in astrocytic membranes at high densities (> 122 10 4 molecules per μm 2 ) that, adjusted for membrane density and extracellular volume fraction, 123
correspond to effective concentrations of 140-330 μM in the extracellular space of 124 hippocampal and cerebellar neuropil (Lehre and Danbolt, 1998) . Accordingly, the time course of 125 glutamate uptake in adult CA1 hippocampal astrocytes is well modeled with an active EAAT 126 concentration of about 100 μM (Diamond, 2005) , the value used here. iGluSnFR concentrations 127
have not been measured but, because they may vary widely depending on factors influencing 128 expression, we simulated a large range (1-3000 μM). 129 5000 glutamate molecules were released at the center of the synaptic cleft, with each  130  individual glutamate molecule undertaking a random walk slowed by the tortuosity of the  131  extracellular space (Nicholson and Sykova, 1998; Rusakov and Kullmann, 1998; Nielsen et al.,  132 2004; Diamond, 2005) . The extrasynaptic space was populated evenly with completely 133 overlapping distributions of EAATs and iGluSnFRs. Because glial and neuronal membranes are 134 so closely apposed in synaptic neuropil (Mishchenko et al., 2010) , the large majority of glial 135
EAATs likely must compete with iGluSnFRs for glutamate, regardless of whether iGluSnFR is 136 expressed pan-neuronally or in glia (Armbruster et al., 2016) . Additional experiments, 137
presented below (Figure 8 ), examined other extrasynaptic expression patterns of EAATs and 138 iGluSnFRs. 139 140
Competition between iGluSnFRs and EAATs slows uptake and iGluSnFR activation time courses 141
When EAATs (100 μM) and iGluSnFRs (300 μM) were co-localized in extrasynaptic space, 142 simulated glutamate release activated iGluSnFR with a time course that reached a peak in 143 about 5 ms and decayed with an exponential time course (τ = 27 ms; Figure 2A ). This decay was 144 significantly slower than iGluSnFR's deactivation time constant (τ = 10 ms; Figure 1C , right), 145
suggesting that iGluSnFR interacted with extrasynaptic glutamate over a prolonged period. 146
Consistent with this, the time course of glutamate uptake from the extracellular space was 147 slowed in the presence of iGluSnFR ( Figure 2B ). This slowing was also evident in the simulated 148 STC ( Figure 2B , inset), which reflects electrogenic state transitions within EAATs upon binding 149 and transporting glutamate (Bergles et al., 2002 ; see Methods). The time courses of both the 150 iGluSnFR response and glutamate uptake were prolonged by higher iGluSnFR concentrations 151 ( Figure 2C ,D), suggesting that iGluSnFR buffers glutamate diffusion and delays its uptake. At 152 very low iGluSnFR levels (e.g., 1 μM), the uptake time course closely approximated the room 153 temperature control in the absence of iGluSnFR (τ ~ 4 ms; Diamond, 2005) , and iGluSnFR 154 activation decayed at a rate approaching iGluSnFR deactivation ( Figure 2D ). At higher iGluSnFR 155 concentrations, however, both time constants increased and converged; the highest iGluSnFR 156 levels tested gave rise to time constants that exceeded 100 ms ( Figure 2D ), similar to slower 157 published iGluSnFR signal time courses (Parsons et al., 2016; Pinky et al., 2018) . Although 158 iGluSnFR extended the extracellular lifetime of glutamate, it did not affect the distance that 159 glutamate diffused prior to being taken up by transporters ( Figure 2E ,F), consistent with 160 iGluSnFR's role as a stationary buffer. At higher expression levels, each glutamate molecule 161 bound to iGluSnFR multiple times before it was able to bind a transporter ( Figure 2F from the center of the synapse ( Figure 2G ), a distance approximating the average distance 169 between CA1 hippocampal synapses (465 nm; Rusakov and Kullmann, 1998). The peak 170 concentration of free glutamate in this shell decreased at higher iGluSnFR levels ( Figure 2G ,H), 171
suggesting that iGluSnFR may reduce extrasynaptic receptor activation and/or glutamate 172 spillover between synapses. Figure 1F . Dashed line indicates exponential fit to the response decay. Activation measured over a region of interest (ROI, radius = 10 μm) centered about the synapse. B, Simulated time course of glutamate uptake in the absence of iGluSnFR (black) and in the presence of 300 μM iGluSnFR (red). Inset, simulated STCs in the presence (red) and absence (black) of 300 μM iGluSnFR. STCs are typically inward (negative) currents but are inverted here for simplicity. C, The concentration of iGluSnFR influences its activation time course.
A semi-log plot shows that the exponential decay slows as [iGluSnFR] increases (ROI radius = 10 μm). D, Summarized data from C (green). Glutamate uptake (black) is also slowed by [iGluSnFR] . E, iGluSnFR buffering does not affect the distance that glutamate diffuses prior to being taken up by EAATs. Same color scheme as in C. Distance measured from the center of the synaptic cleft. F, Summarized data from E. Gray trace shows the average number of times each glutamate molecule binds to iGluSnFR prior to being taken up by an EAAT. G, iGluSnFR buffering reduces the extrasynaptic concentration of free glutamate. Traces show the glutamate concentration in a spherical shell 400-500 nm from the release point. H, Summarized data from G.
iGluSnFR expression slows STCs in cortical astrocytes 175
The simulations presented so far suggest that iGluSnFR delays glutamate uptake by 176 competing with EAATs and predict that iGluSnFR expression would slow the STC time course in 177 astrocytes. To test this, we recorded STCs in cortical astrocytes from mice expressing either 178 iGluSnFR or tdTomato under control of a glial-specific promoter (GFAP; Figure 3 ). Consistent 179 with the model's predictions, STCs in iGluSnFR + astrocytes rose and decayed more slowly than 180 those in tdTomato + astrocytes (trise (10-90%): 6.6 ± 1.8 ms, n=23 vs. 5.0 ± 2.1 ms, n=15, 181 t(26.1)=2.42, p=0.023, t-test; τdecay: 19.2 ± 5.6 ms, n=23 vs. 16.0 ± 3.6 ms, n=15, t(36.0)=2.12, 182
p=0.041; Figure 3A -D). This was not due to any apparent changes in astrocyte intrinsic electrical 183
properties: iGluSnFR + and tdTomato + astrocytes exhibited similar input resistance (iGluSnFR: 2.9 184 ± 2.6 MΩ; n=22; tdTomato: 3.6 ± 2.6 MΩ, n=16; t(32)=-0.75, p=0.46, t-test), and iGluSnFR + 185 astrocytes actually rested at slightly more hyperpolarized potentials (-73.3 ± 3.0 mV, n=22 vs. -186 70.0 ± 4.0 mV, n=15; t(24)=-2.73, p=0.011, t-test; Figure 3E ) that, if anything, would increase 187 shows that iGluSnFR + astrocytes rested at slightly more hyperpolarized potentials compared to tdTomato + astrocytes (t(34.6)=-2.73, p=0.011, ttest). Input resistances (indicated by the slope of the relation) was not different in the two groups (t(32.0)=-0.75, p=0.46, t-test). F, STCs and iGluSnFR signals measured in the same experiments (mean ± SEM, n = 10 cells). G, Simulated STC waveforms corresponding to average responses in iGluSnFR + (blue) and tdTomato + (red) astrocytes. H, Waveforms used to derive STCs in G. In each case a clearance time course (red or blue) was convolved with a filter waveform (gray). This simple example demonstrates how even subtle differences in STC time course can reflect substantial differences in glutamate clearance time course (Diamond, 2005) . 4.9 ms, n=10; Figure 3F ) that are near the fast end of the range of published iGluSnFR signals 190 and correspond to responses simulated with 300 μM iGluSnFR ( Figure 2D ). 191
At first glance, these differences in STC time course might appear relatively subtle, but they 192 likely indicate substantial modifications of the glutamate clearance time course. Previous 193 analyses of STCs in CA1 hippocampal astrocytes showed that the STC waveform reflects the 194 time course of glutamate uptake filtered primarily by the electronic properties of the astrocyte 195 (Diamond, 2005) . This filtering slows both the rise and decay of the STC and obscures the actual 196 time course of glutamate clearance. Consequently, even small changes in STC waveform likely 197 indicate significant changes in glutamate clearance (e.g., Figure 3G ,H). Note that simulated STCs 198 and derived uptake times do not reflect any electrotonic distortion or release asynchrony. 199 200
iGluSnFR signal time course and ΔF/F0 depends on imaging volume 201 iGluSnFR enables glutamate to be imaged over a range of spatial scales, from a <1 μm 202 synapse to an entire brain region . Glutamate clearance from a synapse is 203 driven primarily by diffusion down a locally steep concentration gradient (Wahl et al., 1996; 204 Diamond and Jahr, 1997; Barbour, 2001) , so that the fractional reduction in glutamate 205 concentration is fastest close to the point of release (Barbour and Hausser, 1997) . Accordingly, 206 simulations indicated that iGluSnFR activation signals were faster when measured over a 207 smaller spherical region of interest (ROI) surrounding the release site ( Figure 4A ,B), consistent 208 with experimental results (e.g., Marvin et al., 2013) . This volume-dependent effect was greater 209 at higher iGluSnFR concentrations because stronger buffering prolonged further the 210 extrasynaptic lifetime of glutamate ( Figure 4B ). At higher expression levels, iGluSnFR bound 211 simultaneously a significant fraction of synaptically released glutamate, approaching levels 212 limited by the kinetic maximum probability of fluorescence (Pmax, analogous to the maximal  213 open probability of an ion channel; Figure 4C and 1B). Consequently, the iGluSnFR activation 214 coefficient of variability (CV = σ/mean) decreased at higher iGluSnFR concentrations ( Figure  215 4D). 216
The brightness of iGluSnFR has been measured in the unbound and activated states (e.g., 217
Helassa et al., 2018), allowing simulated iGluSnFR activation to be expressed in terms of 218 fluorescence, typically reported as the change in fluorescence relative to resting levels (ΔF/F0; 219 Figure 4E ). Because inactive iGluSnFR in extrasynaptic tissue contributes to F0, the single 220 synapse ΔF/F0 decreased dramatically over larger imaging volumes ( Figure responses are recorded from many synapses simultaneously, often using wide-field imaging 224
techniques (e.g., Figure 3 ), both the number of imaged synapses and the background 225 fluorescence increase proportionally to imaging volume, so that ΔF/F0 does not vary greatly 226 over most ROI dimensions ( Figure 4G ). Note that ΔF/F0 values decreased as iGluSnFR expression 227 level increased ( Figure 4F,G) . This effect appears due primarily to the increasing F0, not a 228 significant decrease in the fraction of iGluSnFR bound, because even at very low iGluSnFR 229
concentrations glutamate bound only a small fraction of iGluSnFR within a 0.5 μm-radius 230 sphere surrounding the synapse ( Figure 4H ). These results point to a somewhat 231 counterintuitive conclusion that increased iGluSnFR expression may, in many experimental 232 conditions, actually decrease ΔF/F0 values of synaptic responses. 233 234 . B, Summary data shows that the dependence on ROI volume is greater at higher iGluSnFR concentrations. C, Peak iGluSnFR response to the release of 5000 glutamate molecules as a function of iGluSnFR concentration. Dashed line indicates maximal signal based on maximal occupancy (see Figure 1B ). 
Effects of blocking EAATs on iGluSnFR signals 235
The rate at which glutamate is taken up from the extracellular space depends critically on 236
EAAT expression levels in astroglia ( spatial scale is dominated by diffusion, not glutamate uptake (Diamond and Jahr, 1997) . By 252 contrast, iGluSnFR responses measured over a 5 μm-radius ROI were slowed dramatically by 253 reducing EAAT density, with a particularly large difference observed between 80% and 100% 254 blockade ( Figure 5B ). Note that a 5-μm-radius ROI reported accurately the (iGluSnFR-buffered) 255 time course of glutamate clearance across a range of EAAT levels ( Figure 5F ). These results 256 suggest that a) using iGluSnFR to evaluate manipulations of glutamate diffusion and uptake 257 requires careful consideration of imaging parameters, and b) even a small fraction of expressed 258
EAATs clears glutamate relatively quickly, such that reducing EAATs from control to 20% exerts 259 less dramatic effects on iGluSnFR signals than reducing EAATs from 20% to zero, regardless of 260 EAAT subtype ( Figure 5B ; Pinky et al., 2018). 261 262
Lower-affinity iGluSnFR variants do not eliminate buffering artifacts 263
Recent molecular modifications of iGluSnFR have produced variants that exhibit lower 264 affinity for glutamate, typically by speeding glutamate unbinding ( Figure 1B-D Figure 6 ). 282
Both indicators gave rise to faster 283 responses than did iGluSnFR (cf. 284 Figure 6A ,C and Figure 2C and partitioned into 0.1×0.1×0.1-μm 3 transparent cubes. Synapse clusters were arrayed in a 3D 301 hexagonal grid that was centered within the simulation volume and expanded or shrunk to vary 302 spacing between synapses ( Figure 7A ,C; see Methods); to limit any synapse orientation bias, 303
individual synapses were modeled without pre-and postsynaptic processes. Control simulations 304
confirmed that this simplification did not affect iGluSnFR response amplitude or time course 305 when imaged over ≥2 μm-radius ROIs (Supplementary Figure 2) . 306
Excitatory synapses are densely expressed in the CA1 region of the hippocampus, with a 307 465-nm average distance between nearest neighboring synapses (nearest neighbor distance, 308 NND; Rusakov and Kullmann, 1998) . When 15 simulated synapses were activated concomitantly 309 at this density, iGluSnFR responses exhibited near perfect linearity, i.e., the compound response 310 from 15 synapses was 15.6 times as large as the response from a single synapse ( Figure 7B ). 311
Similar results were observed with iGluf and iGluu ( Figure 7E-G) . The slight supralinearity likely 312 was due to slightly sublinear uptake reflecting a high degree of EAAT occupancy between 313 activated synapses (data not shown stimulation is unlikely to evoke coincident release at every synapse. Accordingly, when the NND 320 of activated synapses was increased to 1 μm, simulated uptake rates and iGluSnFR responses 321 exhibited near perfect linearity ( Figure 7D ; uptake data not shown). 322
Response variability is another way of measuring relative differences in the number of 323 activated synapses (Faber and Korn, 1991) . Specifically, if individual synapses exhibit similar 324 binomial behavior to each other, the CV of the compound response will vary inversely with the 325 square root of the number of activated synapses. Simulated iGluSnFR responses generally 326 obeyed this relationship, as indicated in a plot of CV -2 vs. the number of activated synapses 327
( Figure 7H ). The slight deviation from the proportional relationship likely reflects subtle 328 differences in quantal variability depending on the physical location of the synapse within the 329 hexagonal array. 330 331
Segregating EAATs and iGluSnFRs reduces buffering effects but does not speed iGluSnFR signal 332
It is possible that the buffering effects of iGluSnFR could be ameliorated by segregating 333
EAATs and iGluSnFR into separate compartments, thereby giving EAATs some opportunity to 334 take up glutamate without competing with iGluSnFR. This could be accomplished by, for 335 example, expressing iGluSnFR only in some subset of interneuron plasma membranes. To test 336 this idea, we confined EAATs and iGluSnFRs in simulations to alternating spherical shells of 337 varying thickness, with EAATs occupying the innermost shell in each case ( Figure 8A,B) . EAAT 338 and iGluSnFR concentrations within each shell were adjusted so that the average 339 concentrations were 100 and 300 μM, respectively ( Figure 8B ). As expected, excluding iGluSnFR 340 from the region immediately surrounding the release site reduced the amplitude of the 341 indicator signal and sped the time course of glutamate uptake compared to the case in which 342 iGluSnFRs and EAATs were perfectly co-localized ( Figure 8C,D STC waveforms similar in time course to those simulated in the absence of iGluSnFR ( Figure 8E) . 373
Finally, we tested a different scenario in which EAATs were expressed evenly in all shells 374 and iGluSnFRs were expressed only in alternating shells (Figure 8F,G) . This scenario may present 375 a case in which astroglial EAATs sample extracellular space evenly but iGluSnFR is expressed in 376 only a subset of neurons. In this case, iGluSnFR signals were larger and faster than in the 377 segregated case, and clearance was also faster (cf. Figure 8C,D and H,I) . The iGluSnFR signals 378
were larger because the same EAAT concentration, evenly distributed, presented half the 379
EAATs in the initial shell, enabling more glutamate to reach the iGluSnFR-containing shells. 380 iGluSnFR signals and glutamate clearance were faster because glutamate no longer became 381 "trapped" in iGluSnFR-only regions. Nonetheless, the simulated STC was very similar to that in 382 the absence of iGluSnFR ( Figure 8J ). Similar results were obtained using Cartesian coordinates 383 (data not shown Indicator expression levels influence glutamate uptake and iGluSnFR signal time courses 407
Our simulations clearly indicate that the buffering effects and slowed glutamate clearance 408 depend strongly on the expression levels of iGluSnFR (Figure 2) , potentially complicating 409 comparison of iGluSnFR signals across brain regions. For example, a recent report indicate that 410 iGluSnFR signals are faster in the hippocampus than the cortex, suggesting that glutamate 411 uptake in the hippocampus is more efficient (Pinky et al., 2018) . Absent other considerations, 412
these differences could reflect differences in iGluSnFR expression rather than uptake capacity, 413
i.e., it may be that iGluSnFR is simply expressed more densely in the cortex, thereby slowing 414 iGluSnFR signals recorded there ( Figure 2C ). In this particular case, however, STCs are also 415 faster in hippocampus than cortex (Hanson et al., 2015) , providing a second, complementary 416 test that corroborates the first. Importantly, these STC recordings were made from astrocytes 417 in the absence of iGluSnFR expression (Hanson et al., 2015) : Our simulations and experiments 418
indicate that STCs recorded in iGluSnFR + tissue also are slowed relative to control, potentially 419 providing a misleading agreement between STCs and iGluSnFR fluorescence signals. These 420 results also suggest that iGlu variants optimized for increased expression (Marvin et al., 2018) , 421 actually may disrupt glutamatergic signaling even more. 422
iGluSnFR concentration is likely the most critical parameter in our simulations that is not 423 constrained in some way by experimental data. The actual effective concentration likely varies 424 widely due to differences in brain region, expression system, promotor and indicator subtype. 425
Biochemical measures may overestimate this parameter by including protein that is not 426 expressed in the plasma membrane, and immunohistochemistry cannot distinguish what 427 fraction of molecules on the cell surface is active. In the case of EAATs, quantitative 428 immunoblotting revealed extremely high endogenous expression of EAAT1 and EAAT2 in the 429 hippocampus and cerebellum (Lehre and Danbolt, 1998) , and postembedding immunoelectron 430 microscopy indicated that most EAATs are localized to astrocytic plasma membranes (Chaudhry 431 et al., 1995) . EAAT expression is particularly dense in the hippocampus (Lehre et al., 1995) , 432
exceeding 10,000 monomers per μm 2 of astroglial plasma membrane (Lehre and Danbolt, 433 1998). It is, admittedly, remarkable that iGluSnFR might be expressed at even higher levels, as 434 predicted by our simulations. It also is unknown whether iGluSnFR expression in astrocytes 435 might come at the expense of surface EAAT expression, although cortical astrocyte STCs 436 recorded from tissue in which iGluSnFR is expressed in neurons are similar in waveform to 437 those recorded here in iGluSnFR-expressing astrocytes (Figure 3 Extrasynaptic buffering may play a particularly significant role if the target neurotransmitter 447 typically acts at receptors located some distance from its release site. For example, dense 448 expression of indicators for dopamine (Sun et al., 2018) , norepinephrine, or serotonin might 449 influence substantially the modulatory effects of those transmitters, although dopamine has 450 been shown to act, at least in some cases, more locally than previously expected (Courtney and  451 Ford, 2014). 452 453
Model Limitations 454
The Monte Carlo diffusion model used here includes significant simplifications that 455 dramatically reduce the computational resources required but may also compromise somewhat 456 the accuracy of the results. The choice to model the extrasynaptic space as an isotropic region 457 (Rusakov and Kullmann, 1998; Diamond, 2005) , rather than instantiating an explicit structure 458 (Mishchenko et al., 2010) , allows the model of a single synapse to represent the average 459 arrangement across many synapses. EAATs and iGluSnFRs were evenly distributed within 460 spherical or cubic partitions surrounding the synapse, regular arrangements that surely differ 461 from the endogenous structure. Similar results were obtained when partition thickness was 462 varied from zero (i.e., continuous) to 500 nm (spherical example shown in Figure 8 ), suggesting 463 that abstracting the fine structure of the extracellular space did not influence the results Explicitly modeling only those EAATs and iGluSnFRs that bind synaptically released 470 glutamate drastically reduced the computational power required to simulate very high levels of 471 EAAT/iGluSnFR expression over large volumes (Diamond, 2005) . For example, explicitly 472 simulating 3 mM iGluSnFR in a 30×30×30 μm 3 volume would require tracking almost 1.5×10 11 473
Markov states (i.e., ~150 GB of RAM for iGluSnFR alone), as opposed to a maximum here of 474 2.2×10 5 (simulating 15 synapses releasing a total of 75,000 glutamate molecules; Figure 7 ). It 475 did reduce binding interactions to simple probabilities (Methods) at the expense of greater 476 detail in more computationally extensive simulations (Stiles and Bartol, 2001 ) and would, 477 therefore be insufficient to simulate steric ligand-receptor interactions or competition between 478 individual, adjacent receptors. 479 480
Is there an ideal glutamate indicator? 481
Efforts to optimize glutamate indicators generally aim to make them faster, brighter, or 482 express more strongly (Helassa et al., 2018; Marvin et al., 2018) . Our simulations suggest that 483 increasing expression could further disrupt glutamate diffusion ( Figure 2C ) and, due to 484 increased background fluorescence, may actually decrease ΔF/F0 (Figure 4) . To examine what 485 kinetic properties would yield the best performance, we combined the most advantageous 486 kinetic properties of iGlus into one hypothetical indicator (FrankenSnFR; Supplementary Figure  487 3A). A fast unbinding rate (k-1) ensures rapid deactivation but necessitates a fast binding rate 488 (k+1) to maintain suitably high affinity and rapid responses at low expression levels. Both the 489 entry and exit from the activated state (k+2 and k-2, respectively) must be fast to preserve rapid 490 signal onset and cessation, and k+2 must be significantly greater than k-2 to achieve a high 491 maximal activation probability (Pmax = k+2/[k+2 + k-2]). Combining these features created an 492
indicator that activated and deactivated rapidly, bound glutamate with high affinity (kd = 71 493 μM, EC50=15 μM) and exhibited high Pmax (0.77; Supplementary Figure 3B -D). FrankenSnFR 494 exhibited reasonable single synapse activation at low expression levels (e.g., 3 μM, 495
Supplementary Figure 3E ) without disrupting glutamate clearance (Supplementary Figure 3F ). 496
Similar results were observed with ≤10 μM iGluSnFR ( Figure 2 ), but FrankenSnFR delivered 497 much faster response kinetics (Supplementary Figure 3E) . Nonetheless, at higher expression 498 levels FrankenSnFR disrupted diffusion and uptake just like the others. These simulations 499
suggest that the greatest improvements in iGlu performance are gained through increasing Pmax 500 and, of course, dynamic range (ΔF/F0), so that high signal-to-noise characteristics can be 501 achieved at low expression levels. 502 503 504
Methods 505 506
All animal protocols were approved by the Tufts Institutional Animal Care and Use Committee. 507 508
Adeno-associated virus injection 509 C57BL/6 male and female mice (P30-35) were stereotaxtically injected with either GFAP-510 iGluSnFR or GfaABC1D-tdtomato (University of Pennsylvania Vector Core; catalog #AV-5-511 PV2723, AV-5-PV3106) in a single hemisphere with 3 injections sites (coordinates): (1.25, 1.25, 512 0.5), (1.25, 2.25, 0.5), and (1.25, 3.25, 0.5) (λ + x, +y, −z) mm. Mice were anesthetized with 513 isoflurane for surgery, reporter viruses were injected (1 μL per site, 0.15 μL/min) with ~5×10 9 514 gene copies. Mice were housed in 12/12 light/dark cycles following surgeries and were used for 515 acute slice preparations 21-28 d following injection. 516 517
Preparation of acute brain slices. 518
Cortical brain slices were prepared from tdTomato or iGluSnFR-infected C57/B6 mice 519 (Armbruster et al., 2016) . Mice were anesthetized with isoflurane, decapitated, and the brains 520
were rapidly removed and placed in ice-cold slicing solution containing (in mM): 2.5 KCl, 1.25 521 NaH2PO4, 10 MgSO4, 0.5 CaCl2, 11 glucose, 234 sucrose, and 26 NaHCO3 and equilibrated with 522 95% O2:5% CO2. The brain was glued to a Vibratome VT1200S (Leica Microsystems, Wetzlar, 523
Germany), and slices (400 μm thick) were cut in a coronal orientation. Slices were then placed 524 into a recovery chamber containing aCSF comprising (in mM): 126 NaCl, 2. Northampton, MA). For astrocyte synaptic transporter current recordings, 4-12 sweeps were 562 averaged and normalized, and the decay of the glutamate transporter current was fit with a 563 mono-exponential function (plus y offset) to quantify glutamate uptake kinetics (fitting region 564 was 18-148 ms post-stimulus). For iGluSnFR imaging, 10 repeated runs of identical stimulation 565
were averaged together and decays were fit with a bi-exponential function (decay + bleaching). 566 567
Simulations 568
Transmitter diffusion, uptake and glutamate indicator activation were simulated using an 569 expanded version of a previous model (Diamond, 2005) written in MATLAB. Results were 570 analyzed and graphed using IgorPro (WaveMetrics, Lake Oswego, OR). 571
Glutamate diffusion in single-synapse simulations was modeled as a random walk of 5000 572 independent glutamate molecules originating simultaneously from a point source in the center 573 of a 320-nm-diameter, 20-nm thick synaptic cleft (Ventura and Harris, 1999 was modeled three-dimensionally through an isotropic extrasynaptic space (extracellular 580 volume fraction = 0.21). D in all spaces was reduced further to account for tortuosity of the 581 extracellular space (D * = D/l 2 ; l = 1.55; Rusakov and Kullmann, 1998; eliminating tortuosity 582 within the synaptic cleft did not affect the results significantly). For multi-synapse simulations 583 ( Figure 6 ), synapses were modeled as point sources within isotropic extracellular space. Control 584 simulations confirmed that removal of the synaptic cleft had little effect on the simulated 585 iGluSnFR waveform for ROIs > 2 μm radius (Supplemental Figure 2) . 586
Transporters were modeled using a Markov representation of EAAT2 (Bergles et al., 2002; 587 Supplemental Figure 1A) , with two simplifying modifications: The extracellular transporter was 588 configured to bind H + prior before glutamate, rather than allowing either to bind first, and the 589
TiNa2⇋ToNa2 transition was eliminated. Once all of the transported elements unbound on the 590 intracellular side, the glutamate molecule was designated as taken up and removed from the 591 simulation and the transporter returned to the unbound, outward facing state at a rate 592 corresponding to physiological measured recovery rate (Bergles et al., 2002) . Substrate 593 concentrations other than [glu]o were assumed constant. Simulated STC waveforms ( Figure 2B,  594 inset, Figure 8E ,J) reflected the stoichiometric current in the model (+1 for forward transitions 595 1, 7 and 9, -1 for forward transition 15 in Bergles et al., 2002) . Voltage-dependent rates were 596 calculated at -95 mV (similar results were observed at -70 mV, data not shown). iGluSnFR 597 kinetics were implemented according to a simple three-state model: bound, unbound, and 598 fluorescent (Helassa et al., 2018 ; Supplementary Figure 1B ). 599
Extracellular space was partitioned transparently into 10-nm-think concentric spherical 600 shells (single-synapse simulations) or 100×100×100 nm 3 cubes (multi-synapse simulations) so 601 that local transporter, iGluSnFR and glutamate concentration could be determined. At each 602 time step, the probability of binding to a transporter or iGluSnFR was determined 603
independently for each glutamate molecule as follows: First, the EAAT2 and iGluSnFR glutamate 604 binding rates (Bergles et al., 2002; Helassa et al., 2018) were multiplied by the time step, the 605 glutamate concentration in the relevant shell/cube and the number of transporter/iGluSnFR 606 molecules in the shell/cube, to give the number of transporters/iGluSnFRs bound in the time 607
step, and then divided by the number of glutamate molecules in the shell/cube to yield the 608 probability that a particular glutamate molecule would bind. If binding occurred (i.e., if a 609 random number between 0 and 1 was less than the binding probability), the number of free 610 transporter/iGluSnFR molecules in the cell was decremented. Once bound, the glutamate 611 molecule underwent probabilistic transitions in subsequent time steps through the Markov 612 schemes. Because transporters and iGluSnFRs were modeled explicitly only upon binding an 613 individual glutamate molecule, the number of simulated transporters/iGluSnFRs was limited by 614 the relatively low number (5000-75,000) of glutamate molecules simulated. 615 FrankenSnFR responses (three different concentrations, spherical ROI radius = 10 μm) to the 730 synaptic release of 5000 glutamate molecules. Response of 10 μM iGluSnFR shown for 731 comparison (dashed black trace). F, Glutamate uptake time course in the simulations shown in 732 E, as well as clearance in the absence of any indicator (gray). 733
